Rationale: Impaired endothelium-dependent vasodilation has been documented in patients with sleep apnea. This impairment may result in blood flow dysregulation during apnea-induced fluctuations in arterial blood gases. Objectives: To test the hypothesis that hypoxic and hypercapnic vasodilation in the forearm and cerebral circulation are impaired in patients with sleep apnea. Methods: We exposed 20 patients with moderate to severe sleep apnea and 20 control subjects, to isocapnic hypoxia and hyperoxic hypercapnia. A subset of 14 patients was restudied after treatment with continuous positive airway pressure. Measurements and Main Results: Cerebral flow velocity (transcranial Doppler), forearm blood flow (venous occlusion plethysmography), arterial pressure (automated sphygmomanometry), oxygen saturation (pulse oximetry), ventilation (pneumotachograph), and endtidal oxygen and carbon dioxide tensions (expired gas analysis) were measured during three levels of hypoxia and two levels of hypercapnia. Cerebral vasodilator responses to hypoxia (20.65 6 0.44 vs. Obstructive sleep apnea (OSA) is associated with hypertension and other forms of cardiovascular disease (1). The mechanisms underlying these relationships are not fully understood; however, one hypothesis is that vascular dysfunction is an important link between the conditions (2). Several impairments in vascular regulation are present in patients with OSA, including increased sympathetic nerve activity (3, 4) and diminished reactive hyperemia (5). Observations of decreased flow-mediated (6, 7) and acetylcholine-induced (8-10) vasodilation suggest that OSA impairs function of the vascular endothelium.
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Patients with OSA demonstrate impaired vasodilator responses to acute hypoxia in the forearm (11) and the cerebral circulation (12) . Because hypoxic vasodilation minimizes the changes in tissue PO 2 during episodes of hypoxemia, these findings raise the possibility that, over time, OSA results in increasingly more severe tissue hypoxia during acute apneic events. Some (13), but not all (14, 15) , previous investigators have reported attenuated cerebral vasodilator responses to hypercapnia in patients with OSA. Cerebrovascular CO 2 reactivity minimizes changes in brain PCO 2 during fluctuations in arterial PCO 2 ; therefore, reductions in reactivity could exacerbate breathing instability during sleep by exaggerating the accumulation and also the washout of CO 2 from central chemoreceptors during fluctuations in ventilation. Thus, impaired vascular responses to hypercapnia and hypoxia are potential contributors to both the causes and the consequences of OSA.
The purpose of this study was to compare forearm and cerebral blood flow responses to exposures to hypoxia and hypercapnia during wakefulness in patients with OSA and control (CON) subjects. Also, we evaluated the effects of elimination of sleep-disordered breathing on vascular responses to the two stimuli by repeating these measurements in a subset of patients after 6 and 12 weeks of treatment with nasal AT A GLANCE COMMENTARY Scientific Knowledge on the Subject Impaired hypoxic vasodilation in the cerebral circulation has been demonstrated in patients with obstructive sleep apnea (OSA).
What This Study Adds to the Field
Our study demonstrates that hypercapnic vasodilation in the cerebral circulation and hypoxic vasodilation in the forearm are impaired in patients with OSA. Furthermore, this study shows that such impairments are ameliorated by CPAP treatment.
continuous positive airway pressure (CPAP). We hypothesized that, compared with CON subjects, patients with OSA would have impaired vasodilator responses to both stimuli in both vascular beds, and that these impairments would be ameliorated by CPAP treatment. Some of the results of these studies have been previously reported in the form of an abstract (16) .
METHODS

Subjects
Participants were 20 males and females with OSA and 20 CON subjects (Table 1) . Patients were recruited on the basis of nocturnal polysomnography (apnea-hypopnea index, >25 events per hour of sleep). Control subjects were recruited from the community and screened by nocturnal oximetry (Pulsox 3i; Minolta, Osaka, Japan). Exclusion criteria were as follows: age less than 18 or greater than 50 years, tobacco use, diabetes mellitus, pulmonary disease, cardiovascular disease other than hypertension, and use of a-and b-adrenergic blocking medications. Five patients with OSA took antihypertensive agents, which were not withheld before testing. Medication use remained stable throughout the study. All subjects provided written, informed consent. Procedures were approved by the University of Wisconsin Health Sciences (Madison, WI) Institutional Review Board.
Measurements
Cerebral blood flow velocity (CFV) was measured by transcranial Doppler ultrasound (Neurovision 500M; Multigon, Yonkers, NY) as previously described (17) . Forearm blood flow (FBF) was measured by venous occlusion plethysmography (18) (EC6; Hokanson, Bellevue, WA). We obtained heart rate (HR) from the electrocardiogram, arterial oxygen saturation (Sa O 2 ) by pulse oximetry (Biox 3740; Ohmeda, Madison, WI), and blood pressure by automated sphygmomanometry (Dinamap 1846SX/P; Critikon, Tampa, FL). Subjects breathed through a mouthpiece with the nose occluded. Airflow was measured with a heated pneumotachograph (#5719; Hans Rudolph, Kansas City, MO), tidal volume and breathing frequency were calculated, and end-tidal oxygen pressure (PET O 2 ) and carbon dioxide pressure (PET CO 2 ) were measured by expired air analysis (S-3A/I and CD-3A; Ametek, Pittsburgh, PA).
Protocol
Graded isocapnic hypoxia and hyperoxic hypercapnia were presented in random order during wakefulness. For the hypoxia trial, 5 minutes of stable room air breathing was followed by 5 minutes with Sa O 2 held constant at 90, 85, and 80%. End-tidal CO 2 was maintained at the eupneic level. For the hypercapnia trial, 5 minutes of baseline breathing was followed by 5 minutes with PET CO 2 held constant at 15 mm Hg and at 110 mm Hg above eupnea. The hypercapnia trial was conducted with a hyperoxic background (FI O 2 , 0.40).
CPAP Treatment
CPAP pressures were prescribed on the basis of titration studies. Compliance was assessed every 6 weeks, using time-at-pressure monitors built into the devices. In-home oximetry was performed at Weeks 4, 6, and 12 to verify the effectiveness of CPAP.
Data Analysis
All signals were analyzed with custom-written software. Beat-by-beat values for CFV were determined as the velocity-time integrals. Mean arterial pressure (MAP) was calculated as 1/3 pulse pressure 1 diastolic pressure. Cerebrovascular and forearm vascular conductance (CVC and FVC) were calculated as CFV 3 100/MAP and FBF 3 100/ MAP, respectively.
Statistics
Subject characteristics and baseline values were compared by unpaired t tests. To assess vascular responsiveness to hypoxia and hypercapnia, our primary outcome measures, we computed the slopes of the relationships between cardiorespiratory variables and Sa O 2 and PET CO 2 . We used Sa O 2 as the denominator of hypoxia response slopes because it is more linearly related to CFV than is PET O 2 . Between-group comparisons of slopes were made by unpaired t tests. We did not correct for multiple comparisons because there were only two primary outcome measures (CVC and FVC), and because the comparisons were preplanned. To assess the effect of CPAP on vascular responsiveness, we used one-way repeated-measures analyses of variance followed by Fisher's protected least significant difference tests. P values less than 0.05 were considered significant. All analyses (19) were performed with SAS statistical software version 9.1 (SAS Institute Inc., Cary, NC). In the text and tables, reported values are means 6 SD. In the figures, reported values are means 6 SE. Additional details on methods are provided in the online supplement.
RESULTS
Comparison of Subject Characteristics and Baseline Cardiorespiratory Variables
Patients with OSA and CON subjects were of similar age; however, the body mass index (BMI) was higher in patients with OSA. The apnea-hypopnea index (AHI) and percentage of time at less than 90% Sa O 2 were higher and minimal Sa O 2 was lower in patients with OSA versus CON subjects (Table 1) . Baseline cardiorespiratory variables are shown in Table 2 . HR and FBF were higher in patients with OSA versus CON subjects, whereas other baseline values were comparable in the two groups.
Cardiorespiratory Responses to Isocapnic Hypoxia
The HR responses to graded hypoxia, as judged by the slopes of the stimulus-response relationship between Sa O 2 and HR, were blunted in OSA versus CON. In contrast, MAP and _ VE responses were comparable in the two groups (Table 3) . Group mean values for Sa O 2 and vascular conductance at each level of hypoxia are shown in Figure 1 . Vascular responsiveness to hypoxia was reduced in patients with OSA versus CON subjects, both in the cerebral circulation and the forearm (Figures 1 and 2, and Table 3 ). Although the mean values for vascular responsiveness were significantly different in the two groups, there was substantial overlap in the responses of individual subjects ( Figure 2) . Mean values for all cardiorespiratory variables at each level of graded hypoxia are shown in the online supplement (see Table E1 ).
Moderate to good associations were observed between the slopes of the Sa O 2 :CVC relationship and AHI and percentage of sleep time spent with Sa O 2 less than 90% (Table 4 ). In contrast, the correlations between cerebrovascular responsiveness to hypoxia and age and BMI were only fair and were not statistically significant. Likewise, the correlations between FVC and AHI, percentage of time spent with Sa O 2 less than Definition of abbreviations: AHI 5 apnea-hypopnea index; BMI 5 body mass index; CON 5 control; OSA 5 obstructive sleep apnea; Sa O 2 5 arterial oxygen saturation.
BMI was higher in patients with OSA versus CON subjects (P , 0.00 by t test). By design, there were large between-group differences in the measures of sleepdisordered breathing.
90%, age, and BMI were poor to fair and were not statistically significant.
Cardiorespiratory Responses to Graded Hyperoxic Hypercapnia
The increases in HR, MAP, and _ VE elicited by graded hypercapnia were comparable in OSA and CON (Table 3) . Group mean values for PET CO 2 and vascular conductance at each level of hypercapnia are shown in Figure 3 . Vascular responsiveness to hypercapnia was reduced in OSA versus CON in the cerebral circulation, whereas there was no between-group difference in forearm vascular responsiveness to hypercapnia ( Figures 3 and 4 , and Table 3 ). As in our observations of hypoxic vascular reactivity, there was substantial overlap in the responses of individual subjects in the two groups ( Figure 4) . Mean values for all cardiorespiratory variables at each level of graded hypercapnia are shown in the online supplement (see Table E2 ).
The slope of the CVC:CO 2 relationship was not correlated with measures of OSA severity; however, cerebrovascular responsiveness to CO 2 did show a moderate to good correlation with age (Table 4) . Forearm vascular responsiveness to hypercapnia was not correlated with measures of OSA severity, BMI, or age.
Effects of CPAP Treatment on Cardiorespiratory Responses to Hypoxia and Hypercapnia
The mean CPAP usage over the 12-week observation period was 5.1 6 1.4 hours per night. Overnight oximetry performed at 4, 8, and 12 weeks of treatment revealed minimal Sa O 2 values of 90 6 1, 91 6 3, and 92 6 2, respectively. At the same time points, the number of desaturation events were 0.8 6 0.5, 0.7 6 0.8, and 0.5 6 0.6 per hour of sleep. Over the 12 weeks of CPAP treatment, there was no change in body weight (111.9 6 26.4, 113.1 6 26.0, and 112.2 6 26.0 kg; P . 0.05) or in baseline values for any of the variables of interest ( Table 5) .
The MAP response to hypoxia was significantly reduced with CPAP treatment, whereas the _ VE and HR responses to hypoxia and the MAP, _ VE, and HR responses to hypercapnia remained stable over time (Table 6 ). There was a substantial amount of variability among subjects in terms of CPAP-related changes in vascular responsiveness. The amount of improvement in vascular responsiveness in the two vascular beds was not correlated with hours of CPAP usage, at least over the rather constricted range we observed (4-7 h per night). In contrast, the amount of change in cerebrovascular responses to hypoxia and hypercapnia was positively correlated with the amount of impairment present before CPAP treatment (r 5 20.65 and r 5 20.66, respectively; both P 5 0.01). The same was true for improvement in forearm vascular responses to hypoxia and hypercapnia (r 5 20.70 and r 5 20.72, respectively; P 5 0.005 and 0.003). When slopes of only those subjects with clearly abnormal baseline responses (slopes less than the 95% confidence intervals around the control group means; n 5 12) were compared over time, statistically significant CPAP-associated increases in hypoxic vasodilation were observed in the cerebral circulation and the forearm ( Figure 5 and Table 6 ). Increases in hypercapnic vasodilation in the cerebral circulation approached statistical significance (P 5 0.06), whereas there was no change over time in forearm vascular responses to hypercapnia ( Figure 5 and Table 6 ). In the two subjects eliminated from these analyses, the severity of OSA was relatively mild in terms of frequency of events (25 and 41 events/h) and percentage of time at less than 90% Sa O 2 (0.1 and 6.4%).
DISCUSSION
We found that hypoxic vasodilation in the brain and the forearm was attenuated versus age-matched control subjects in most, but not all, of the patients with OSA studied. These impairments in vascular regulation, which correlated with measures of OSA severity, were ameliorated by CPAP treatment. Hypercapnic vasodilation in the cerebral circulation was also blunted in most of the patients with OSA; however, it was not correlated with measures of OSA severity, and CPAPrelated improvement in this response was not statistically significant. We interpret these findings to mean that moderate to severe OSA can impair basic vasoregulatory mechanisms in multiple vascular beds. Impairments in vasodilatory responses to hypoxia are reversible when sleep-disordered breathing is eliminated with CPAP, whereas impairments in hypercapnic vasodilation seem to be somewhat less amenable to treatment.
Methodological Considerations
Our conclusions regarding cerebrovascular responses are predicated on the assumption that Doppler measurements of flow velocity are reflective of volume flow, an assumption that is Figure 2 . Individual subject values for the slope representing the stimulus-response relationship between arterial oxygen saturation (Sa O 2 ) and vascular conductance in the brain (left) and forearm (right). Note that although the means were significantly different, there was considerable overlap between the patient and control groups. *P , 0.05, obstructive sleep apnea (OSA) versus control subjects (CON). Group mean values 6 SE and individual subject vascular responses to hyperoxic hypercapnia in the brain (top) and forearm (bottom) in patients with obstructive sleep apnea (OSA) and control subjects (CON). Hypercapnic vasodilation in the cerebral circulation was attenuated in OSA versus CON (P 5 0.03), whereas in the forearm, the slopes were comparable (hypercapnia did not cause vasodilation in either group).
satisfied only when the cross-sectional area of the artery remains constant. We did not measure diameter; however, previous investigators have shown that middle cerebral artery diameter varies by no more than 4% during changes in arterial pressure, CO 2 tension (20), or gravitational stress (21) . In addition, velocity and flow through the middle cerebral artery are highly correlated (22) .
In our subjects, average BMI was higher in OSA versus CON; therefore, it is possible that obesity confounded our between-group comparisons of cardiorespiratory responses to hypoxia and hypercapnia (23) . Nevertheless, we believe it unlikely that obesity was a primary determinant of blunted vascular responsiveness in OSA, because CPAP treatment improved vascular responses to hypoxia even though body weight did not change.
We considered the possibility that hypoxic forearm vasodilation may have been diminished in OSA secondary to higher baseline blood flows (i.e., a ''ceiling'' effect). We believe this is unlikely because forearm vasodilation during hypoxia was greater after versus before CPAP treatment even though baseline values remained the same. The reason for higher FBF in OSA versus CON is unknown; however, it may be caused by chronic exposure to hypoxia, as has been reported in patients with chronic obstructive pulmonary disease (24, 25) .
However, this explanation is unlikely to account for all of the between-group difference in FBF, because the difference persisted after intermittent hypoxia was eliminated by CPAP treatment. We speculate that the higher FBF values we observed in patients with OSA are related to obesity and the increased contribution of adipose tissue flow to total forearm flow (26) . High baseline FBF in our subjects is consistent with several previous reports of increased brachial artery diameter in patients with OSA versus CON subjects (7, 9) and it highlights the need for caution in interpreting reports of impaired flowmediated dilation that are based on percentage of baseline diameter.
Comparison with Previous Findings
Our observations of OSA-related decrements in hypoxic vasodilation in the cerebral and forearm circulations confirm findings of previous investigators (11, 12) . The deficit in cerebral vasodilation we observed (235% relative to CON subjects) is similar to that reported by Foster and colleagues (12) . Likewise, the CPAP effects are similar, even though the observation period was twice as long in our study. Our data indicate that CPAP-associated improvement in hypoxic vasodilation occurs within 6 weeks of the initiation of treatment; with little, if any, additional improvement after 12 weeks.
The deficit in forearm hypoxic vasodilation we observed (250% relative to CON subjects) is smaller than that reported by Remsburg and colleagues (11) , who observed a complete lack of forearm vasodilation during hypoxic exposure in OSA. We believe the most likely reason for this discrepancy is a difference in the duration of the experimental intervention. We used 5-minute steady state exposures to graded hypoxia, whereas the previous investigators used a 3-to 4-minute ramp rebreathing protocol (11) . Our findings are relatively consistent with those of previous investigators who used flow-mediated dilation in the forearm to assess vascular function (6) . Despite the fact that Ip and colleagues (6) measured responses to vascular occlusion in conduit vessels and we measured responses to hypoxia in Figure 4 . Individual subject values for the slope representing the stimulus-response relationship between PET CO 2 and vascular conductance in the brain (left) and forearm (right). Note that although the mean values for cerebrovascular responsiveness were significantly different, there was considerable overlap between the patient and control groups. In the forearm, the slopes were comparable in the two groups. *P , 0.05, OSA versus CON. 54.6 6 10.5 58.7 6 11.0 60.9 6 12.0 0.11 FBF, ml/100 ml/min 6.6 6 3.9 6.7 6 3. There were no significant differences in any of these baseline variables over time. resistance vessels, the OSA-related reductions in reactivity are similar (237 and 250% relative to CON subjects, respectively). In contrast, the previously reported increases in flow-mediated dilation after CPAP treatment (6) are much smaller than the increases in hypoxic vasodilation we observed (147 vs. 189%), possibly because of a shorter treatment period and/or less severe impairment at the onset of treatment.
We found that hypercapnic cerebral vasodilation was reduced by 22% in patients with OSA versus CON subjects. This finding is consistent with previous observations of blunted cerebral vasodilation during rebreathing (13) and also during breath-holding (27) , responses that are caused mainly by hypercapnia (17) . Because hypercapnic vasodilation is an endothelium-dependent process, we speculate that altered CO 2 responsiveness is one manifestation of OSA-induced endothelial dysfunction (6, (8) (9) (10) . In contrast to our finding of blunted cerebrovascular response to CO 2 in OSA versus CON, previous investigators found no between-group difference in this variable (15) . Features of our study that may account for this discrepancy include increased sample size, multiple levels of the stimulus, decreased mean age and AHI in our subjects, and inclusion of female subjects. Interestingly, Foster and colleagues, who found that hypercapnic vasodilation in the cerebral circulation was not different in patients with OSA versus CON subjects, observed a CPAP-related enhancement in cerebral responsiveness to hypercapnia (15) . In our study, there was some indication that CPAP therapy improved hypercapnic vasodilation in the cerebral circulation; however, this change failed to reach statistical significance (P 5 0.06).
We are not aware that attenuated HR responses to hypoxia, as we observed in our patients with OSA, have been reported previously. This difference was not secondary to accentuated responses in the CON subjects, because their mean values are nearly identical to those reported previously (28) . The cause of the OSA-related attenuation in the HR response to hypoxia, which persisted during 12 weeks of CPAP treatment, is unknown; however, it may reflect augmented carotid chemoreflex control of parasympathetic outflow to the sinus node (29) .
In contrast to the OSA-related decrements in heart rate responses to hypoxia and vascular responses to hypoxia and hypercapnia we observed, there were no between-group differences in the ventilatory responses to the two stimuli. There is considerable disagreement among previous reports of the effects of OSA on hypoxic and hypercapnic ventilatory responses. Some investigators report augmented hypoxic ventilatory responses in patients with OSA versus CON subjects (30, 31) , whereas others report similar responses in the two groups (32) . Hypercapnic ventilatory responses are reported to be increased (32) or the same (15, 30) in patients with OSA versus CON subjects. We speculate that much of the variability in the present and previous findings is attributable to performance of these studies during wakefulness, when nonchemoreceptor, behavioral inputs have a substantial influence on respiratory output.
Mechanisms Governing Vascular Responses to Hypoxia and Hypercapnia
Vasomotor tone is determined by the net effect of neural and hormonal influences, mechanical effects of pressure and flow, and locally produced chemicals. Hypoxic exposure elicits increases in sympathetic outflow and vasoconstrictor hormones that are opposed by locally mediated vasodilation. In the cerebral and skeletal muscle circulations, hypoxic vasodilation is caused primarily by prostacyclin released from the endothelium (33, 34) ; however, it is evident that multiple, partially redundant mediators (including nitric oxide and adenosine) are operative, depending on the severity of hypoxia (34) . Hypercapnia also elicits increases in sympathetic outflow that are opposed by local vasodilation. In the cerebral circulation, sympathetic vasoconstrictor effects are limited by the sparsity of a-adrenergic receptors and the blood-brain barrier limits access to circulating hormones (35) . Hypercapnic vasodilation in the brain is a complex, endothelium-dependent process: nitric oxide, prostacyclin, and cytochrome P-450 metabolites have all been implicated (36) (37) (38) . In the peripheral circulation, local hypercapnic vasodilation appears to be overwhelmed by increases in sympathetic activity, as evidenced by the present and previous findings (39, 40) .
Beneficial Effects of CPAP on Cardiovascular Regulation
Several potential mechanisms for the beneficial effects of CPAP on hypoxic vasodilation can be postulated. Sympathetic vasoconstrictor outflow (4) and circulating angiotensin II (41) are reduced after elimination of sleep-disordered breathing with CPAP. Both effects may be caused by reversal of the previously described OSA-related augmentation in carotid chemoreflex control of sympathetic outflow (30) . In addition, endotheliumdependent vasodilation is improved after CPAP treatment (10) . Previous reports suggest that CPAP increases circulating metabolites of nitric oxide (42) and decreases production of superoxide ion by neutrophils (43) . If similar CPAP-induced changes occur in the endothelium, they would be expected to improve local regulation of vascular resistance by increasing the bioavailability of nitric oxide and facilitating prostacyclin release (44) . We speculate that enhanced endothelial function Figure 5 . Effects of continuous positive airway pressure (CPAP) on hypoxic and hypercapnic vasodilation in the brain and forearm (means 6 SE; n 5 12). CPAP elicited improvements in hypoxic vasodilation in both vascular beds that was evident after 6 weeks of treatment. No statistically significant changes in hypercapnic vasodilation were observed; however, there was a trend toward improvement in hypercapnic cerebral vasodilation (P 5 0.06). *P , 0.05 versus pre-CPAP. Note that the negative slopes for hypoxic vasodilation have been changed to positive slopes to aid in visual comparison.
and reduced sympathetic outflow both contribute to CPAPrelated improvements in forearm vascular regulation, whereas enhanced endothelial function is likely to be more important in the brain, where the influence of the sympathetic nervous system is relatively weak. Our finding that 6 weeks of CPAP treatment caused a small, but statistically significant, decrease in the MAP response to hypoxia suggests that reduction in sympathetic tone and/or augmentation of local hypoxic vasodilation in resistance arteries has a potentially important effect on systemic hemodynamics.
Clinical Implications
We found that impaired vascular responses to alterations in arterial O 2 and CO 2 were present in most, but not all, patients with OSA. These impairments, which seem to be dependent on OSA severity, may be important pathogenetic links between OSA and vascular disease. Moreover, impaired blood flow regulation could limit the delivery of oxygen and energy substrates during acute episodes of OSA and also under physiologic conditions such as exercise. Diminished cerebrovascular responsiveness to CO 2 may exacerbate breathing instability during sleep. Our study demonstrates that OSA-related alterations in vascular responsiveness to hypoxia, which seem to be dependent on OSA severity, can be reversed relatively rapidly when nightly exposure to intermittent hypoxia is eliminated with CPAP. These beneficial effects can be observed even when CPAP is used for as little as 4 hours per night.
